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ABSTRACT
A γ-ray transient, Swift J0644.5-5111, has been claimed to be associated with FRB 131104. However,
a long-term radio imaging follow-up observations only placed an upper limit on the radio afterglow
flux of Swift J0644.5-5111. Applying the external shock model, we perform a detailed constraint
on the afterglow parameters for the FRB 131104/Swift J0644.5-5111 system. We find that for the
commonly used microphysics shock parameters (e.g., ǫe = 0.1, ǫB = 0.01 and p = 2.3), if the FRB
is indeed cosmological as inferred from its measured dispersion measure (DM), the ambient medium
number density should be ≤ 10−3 cm−3, which is the typical value for a compact binary merger
environment but disfavors a massive star origin. Assuming a typical ISM density, one would require
that the redshift of the FRB much smaller than the value inferred from DM (z ≪ 0.1), implying
a non-cosmological origin of DM. The constraints are much looser if one adopts smaller ǫB and ǫe
values, as observed in some GRB afterglows. The FRB 131104/Swift J0644.5-5111 association remains
plausible. We critically discuss possible progenitor models for the system.
Subject headings:
1. INTRODUCTION
Recently, a new type of millisecond radio burst tran-
sients, named fast radio bursts (FRBs), has attracted
wide attention (Lorimer et al. 2007; Thornton et al.
2013). Due to limited data, especially the lack of dis-
tance measurements, their physical origin is subject to
intense debate. In the literature, 18 FRBs have been
reported up to now, and their observed event rate is pre-
dicted to be ∼ 10−3 gal−1 yr−1. Most of these bursts are
located at high galactic latitudes and have anomalously
large dispersion measures (DM), which strongly suggest
that they are of an extragalactic or even cosmological
origin. Attributing DM to an intergalactic medium ori-
gin, the corresponding redshifts z are around 0.5-1. The
isotropic total energy released in a FRB is ∼ (1038−1040)
erg, and the peak radio luminosity is ∼ (1042− 1043) erg
s−1 (Thornton et al. 2013).
Many models have been proposed to account for FRBs.
These include non-catastrophic events such as magne-
tar giant flares (Popov & Postnov 2010; Kulkarni et al.
2014; Katz 2016), giant pulses of young pulsars
(Cordes & Wasserman 2016; Connor et al. 2016), galac-
tic flaring stars (Loeb et al. 2014), asteroid collisions
with neutron stars (Geng & Huang 2015; Dai et al.
2016a), and catastrophic events such as blitzars
(Falcke & Rezzolla 2014; Zhang 2014), neutron star
mergers (Totani 2013; Zhang 2014; Wang et al. 2016),
white dwarf mergers (Kashiyama et al. 2013), charged
black hole mergers (Zhang 2016; Liu et al. 2016), etc.
Considering the dramatic observational event rate,
once their cosmological origin could be confirmed, FRBs
have great potential to become a powerful cosmological
probe. For instance, they could be used to identify miss-
ing baryons (McQuinn 2014), infer the baryon content
and reionization history of the universe (Deng & Zhang
2014; Zheng et al. 2014; Keane et al. 2016), constrain
cosmological parameters and the dark matter equation
of state (Gao et al. 2014; Zhou et al. 2014), conduct fun-
damental tests of Einstein’s Weak Equivalent Principle
(Wei et al. 2015), and even set a stringent upper limit on
the mass of photons (Wu et al. 2016).
Some interesting observational features have been col-
lected recently for individual FRBs. FRB 140514 was
the first real-time FRB detection and the first with po-
larization information, i.e. a 21 ± 7% (3σ) circular po-
larization on the leading edge and a 1σ upper limit
(< 10%) on linear polarization. Later, an examina-
tion of archival data revealed Faraday rotation in FRB
110523 (Petroff et al. 2015). The 44% linear polariza-
tion of FRB 110523 enabled the first simultaneous mea-
surements of both its dispersion measure and rotation
measure (Masui et al. 2015). FRB 121002 was reported
to exhibit a double-peaked profile, with two peaks sep-
arated by 5ms (Champion et al. 2016). Spitler et al.
(2016) reported the detections of 10 additional bright
bursts from FRB 121102 at 1.4 GHz at the Arecibo Ob-
servatory, making FRB 121102 the first and the only
one so far with repeating features. Keane et al. (2016)
claimed to find a bright radio fading transient following
FRB 150418, which lasted for about 6 days. A puta-
tive host galaxy with redshift 0.492 ± 0.008 was identi-
fied. However, subsequent observations suggested that
the counterpart radio transient is more likely attributed
to AGN variability instead of an afterglow of FRB 150418
(Williams & Berger 2016).
The possibility that a small fraction of FRBs could be
associated with gamma-ray bursts (GRBs) was proposed
by Zhang (2014). Most recently, a γ-ray transient, Swift
J0644.5-5111, was claimed to be associated with FRB
2131104 both spatially and temporarily (DeLaunay et al.
2016). The γ-ray fluence of the transient is 10 order of
magnitude larger than the fluence of FRB 131104, and
the total γ-ray energy output is Eγ ≈ 5 × 10
51 erg at
the nominal redshift z ≈ 0.55 inferred from the disper-
sion measure of FRB 131104 (DeLaunay et al. 2016)1.
X-ray, ultraviolet, and optical observations starting from
two days after the FRB did not reveal any associated af-
terglow. Murase et al. (2016) discussed the general im-
plications of bright γ-ray counterpart to the FRB, and
suggested that, largely independent of the source model,
a radio afterglow is expected for such FRB/GRB sys-
tems. Soon after, Shannon & Ravi (2016) reported their
radio imaging follow-up observations of the original lo-
calization region of the FRB, beginning from three days
after the event and comprising 25 epochs over 2.5 yr.
They reported a coincident AGN flare similar to the ra-
dio transient observed in the error box of FRB 131104
(but with a smaller amplitude), but no radio afterglow
was detected within the Swift J0644.5-5111 error circle.
An upper limit of 70 µJy and 100 µJy were placed on
the radio afterglow emission of FRB/GRB system at 5.5
GHz and 7.5 GHz, respectively.
Here we present a comprehensive discussion for the
physical implications of the null detection of radio after-
glow for FRB 131104/Swift J0644.5-5111. Throughout
the paper, the convention Q = 10nQn is adopted in cgs
units.
2. FRB 131104/SWIFT J0644.5-5111
FRB 131104 is a real-time discovery detected in a tar-
geted observation of the Milky Way satellite Car dSph
(with Galactic latitude b = 22.2◦) by the Parkes radio
telescope (Ravi et al. 2015). The event was detected
at 18:04:01.2 on UT 2013 November 4 (MJD 56600),
in beam 5 of the MB receiver, which at the time was
pointed at the celestial coordinates (J2000) 06h44m10.4s,
−51d16m40s. The DM of the burst is 779 cm−3 pc, which
exceeds the prediction for the maximum line-of-sight
Galactic contribution by a factor of 11. The redshift
of FRB 131104 inferred from its DM value is 0.55.
Swift J0644.5-5111 is an un-triggered γ-ray transient
identified through a dedicated Swift/BAT sub-threshold
search for the γ-ray counterpart of FRB 131104. The
transient position is at R.A. = 06h44m33s.12, Dec. =
−51◦11′31”.2 (J2000), with r90 = 6.
′8. It is located
near the edge of the BAT field of view, with only 2.9%
of BAT detectors illuminated through the coded mask
(DeLaunay et al. 2016). The 15–150keV discovery im-
age started from UTC 18:03:52, with a point-source-like
excess γ-ray transient peaking at a signal-to-noise ratio
S = 4.2σ. The transient has a duration T90 ≈ 377 s. The
γ-ray fluence of the transient is Sγ ≈ 4× 10
−6 erg cm−2,
about 10 orders of magnitude larger than the fluence of
FRB 131104, SFRB ≈ 3 × 10
−16 erg cm−2 (Ravi et al.
2015). With the inferred redshift 0.55, the γ-ray energy
output is Eγ ≈ 5× 10
51 erg.
3. AFTERGLOW MODEL
1 With a more rigorous formula (Deng & Zhang 2014; Gao et al.
2014), the inferred redshift is z ∼ 0.7 if one assumes that the host
galaxy DM is ∼ 100 cm−3 pc, which corresponds to a γ-ray energy
of 8.3× 1051 erg.
Any FRB may leave behind an afterglow, the bright-
ness of which depends on the radio emission efficiency
(Yi et al. 2014). The lower the efficiency, the brighter
the afterglow. If Swift J0644.5-5111 is associated with
the FRB, such an efficiency is settled (∼ 10−10), which
suggests a bright cosmic fireball. The absolute energy of
the fireball depends on the distance to the source. For the
nominal distance z = 0.55, the total isotropic energy falls
into the range of both long and short GRBs. Assuming
a relativistic fireball similar to cosmological GRBs, the
deceleration of the fireball would power a radio afterglow
that may be detectable (Murase et al. 2016).
Assuming that a power-law spectrum of the accelerated
electrons is a power law function with the index of p,
and that a constant fraction ǫe of the shock energy is
distributed to electrons, the minimum injected electron
Lorentz factor could be estimated as (for p > 2)
γm =
(p− 2)
(p− 1)
ǫe(γ − 1)
mp
me
, (1)
where mp and me is proton mass and electron mass re-
spectively. Assuming that the magnetic energy density
behind the shock is a constant fraction ǫB of the shock
energy density, one can obtain B′ = (8πeǫB)
1/2, where e
is the energy density in the shocked region.
According to standard synchrotron radiation model,
the observed radiation power and the characteristic fre-
quency of an electron with Lorentz factor γe are given
by P (γe) ≃
4
3σT cγ
2γ2e
B′2
8pi , ν(γe) ≃ γγ
2
e
qeB
′
2pimec
, where the
factors of γ2 and γ are introduced to transform the val-
ues from the rest frame of the shocked fluid to the frame
of the observer. The spectral power would peak at ν(γe),
with an approximate value
Pν,max ≈
P (γe)
ν(γe)
=
mec
2σT
3qe
γB′ . (2)
The spectra would vary as ν1/3 for ν < ν(γe), and cuts
off essentially exponentially for ν > ν(γe).
Considering the cooling of radiated electrons, a criti-
cal electron Lorentz factor γc could be defined by setting
τ(γe) = t, where τ(γe) = (γγemec
2)/(43σT cγ
2γ2e
B′2
8pi ) =
(6πmec)/(γγeσTB
′2) is the life time of a relativistic elec-
tron with Lorentz factor γe in the observer frame and t
refers to the dynamical timescale in the observer frame.
One can then define a “cooling” Lorentz factor
γc =
6πmec
γσTB′2t
, (3)
above which electrons lose most of their energies within
the dynamical time scale, so that the electron distribu-
tion shape is modified in the γe > γc regime.
There is a third characteristic frequency νa, below
which synchrotron self-absorption is important. One
may define νa by equating the synchrotron flux and the
flux of a blackbody, i.e.
Isynν (νa) = I
bb
ν (νa) ≃ 2kT ·
ν2a
c2
(4)
where the blackbody temperature is
kT = max[γa,min(γc, γm)]mec
2, (5)
and γa is the corresponding electron Lorentz factor of νa
for synchrotron radiation, i.e. γa = (4πmecνa/3eB
′)1/2
(e.g. Kobayashi & Zhang 2003).
3The afterglow lightcurve for any frequency can be cal-
culated once the blastwave dynamics (i.e. γ as a function
of R or t) is specified. We consider a constant density
ambient medium and t > 3 days during which the blast-
wave has entered the Blandford-McKee self-similar de-
celeration regime (see Gao et al. 2013, for a review). In
this regime, one can write the characteristic frequencies
(νm, νc, νa) and the peak synchrotron flux density Fν,max
as2 (Me´sza´ros & Rees 1997; Sari et al. 1998; Yost et al.
2003; Gao et al. 2013).
νm = 3.8× 10
11 Hz (1 + z)1/2
G(p)
G(2.3)
E
1/2
52 ǫ
2
e,−1ǫ
1/2
B,−2t
−3/2
day ,
νc = 3.1× 10
16 Hz (1 + z)−1/2E
−1/2
52 n
−1
0,0ǫ
−3/2
B,−2t
−1/2
day
Fν,max = 2.3× 10
3 µJy (1 + z)E52n
1/2
0,0 ǫ
1/2
B,−2D
−2
28 ,
νa = 5.7× 10
9 Hz (1 + z)−1
gI(p)
gI(2.3)
E
1/5
52 n
3/5
0,0 ǫ
−1
e,−1ǫ
1/5
B,−2,
νa < νm < νc
νa = 1.7× 10
10 Hz (1 + z)
p−6
2(p+4)
gII(p)
gII(2.3)
E
p+2
2(p+4)
52 n
2
p+4
0,0
ǫ
2(p−1)
p+4
e,−1 ǫ
p+2
2(p+4)
B,−2 t
−
3p+2
2(p+4)
day , νm < νa < νc
(6)
where G(p) = [(p − 2)/(p − 2)]2,
gI(p) = (p−1)(p−2) (p + 1)
3/5f(p)3/5, gII(p) =
e
11
p+4
(
p−2
p−1
) 2(p−1)
p+4
(p + 1)
2
p+4 f(p)
2
p+4 , and f(p) =[
Γ(3p+2212 )Γ(
3p+2
12 )
]
/
[
Γ(3p+1912 )Γ(
3p−1
12 )
]
.
For the time scale we are interested in (e.g., t > 3
days), the external shock emission would be in the “slow
cooling (νm < νc) regime for reasonable parameters
(Sari et al. 1998). The observational frequencies (5.5
GHz and 7.5 GHz) in any case are smaller than νc. In
this case, the observational flux could be estimated as
Fνobs = Fν,max


(
νa
νm
)1/3 (
νobs
νa
)2
, νobs < νa;(
νobs
νm
)1/3
, νa < νobs < νm;(
νobs
νm
)
−(p−1)/2
, νm < νobs < νc;
(7)
when νa < νm < νc, or
Fνobs = Fν,max


(
νm
νa
)(p+4)/2 (
νobs
νm
)2
, νobs < νm;(
νa
νm
)
−(p−1)/2 (
νobs
νa
)5/2
, νm < νobs < νa;(
νobs
νm
)
−(p−1)/2
, νa < νobs < νc;
(8)
when νm < νa < νc.
The observational flux is essentially determined by 5
parameters: the redshift of the source z (which would
define the blastwave energy E if one assumes that E is
2 Here we assume that all the electrons in the shock are accel-
erated, i.e., the injection fraction of non-thermal electrons fe is
around unity. The expressions for νm, νa and Fν,max would be
modified if fe 6= 1, and the constraints on the number density
would become looser if fe ≪ 1 (see Murase et al. 2016 for analyti-
cal expressions and detailed discussion about the effect of fe).
comparable to the γ-ray energy Eγ , which can be de-
rived from the γ-ray fluence), the ambient medium par-
ticle number density n, the shock microphysics parame-
ters including ǫe, ǫB, and the electron spectral index p.
Several statistical works on these parameters have been
carried out through modeling individual GRBs, either
for the late-time (Panaitescu & Kumar 2002; Yost et al.
2003) or early-time (Liang et al. 2013; Japelj et al. 2014)
broadband afterglow data. Some useful information,
such as the typical values or distribution ranges for these
parameters, has been collected. For instance, the distri-
bution of p is likely Gaussian ranging from 2 to 3.5, with
a typical value 2.5 (e.g. Liang et al. 2013; Wang et al.
2015). The distribution of ǫB is wide, ranging from 10
−8
to 10−1 (Panaitescu & Kumar 2002; Santana et al. 2014;
Wang et al. 2015). The distribution of ǫe is narrow, from
∼ 0.1 (Panaitescu & Kumar 2002) to ∼ 0.01 (Gao et al.
2015).
4. PARAMETER CONSTRAINTS FROM THE RADIO
AFTERGLOW UPPER LIMIT OF FRB 131104/SWIFT
J0644.5-5111
Shannon & Ravi (2016) reported an upper limit of 70
µJy and 100 µJy at 5.5 GHz and 7.5 GHz, respectively, in
the joint FRB/GRB error circle from 3 days to 2.5 years
after FRB 131104 for 25 observational epochs. The ra-
dio afterglow detection rate of Swift GRBs is about 30%
(Chandra & Frail 2012). Since Swift J0644.5-5111 is a
sub-threshold Swift GRB, the non-detection of a radio
afterglow is not particularly surprising. On the other
hand, the 70 µJy and 100 µJy upper limits are deeper
than most GRB radio afterglow upper limits (Fig.5 of
Chandra & Frail (2012)) which compensates the low flu-
ence of Swift J0644.5-5111 compared with the majority
of Swift GRBs. In any case, the upper limit can pose in-
teresting constraints on the model parameters, e.g. the
ambient number density n if one takes the nominal red-
shift z = 0.55, or the redshift z if one takes a typical ISM
density n = (0.1− 1) cm−3.
We first adopt a set of typical values for the micro-
physics shock parameters (ǫe, ǫB, and p), and then eval-
uate the excluded region by the upper limit in the 2-
dimensional (z, n) parameter space, with z ranging from
0.001 to 0.90, and n ranging from 10−4 cm−3 to 1 cm−3.
For each pair of z and n, all five model parameters are
available, and one can calculate the values of character-
istic synchrotron frequencies νm and νa at t = 3 days.
For νobs > max(νa, νm)|t=3 days, the lightcurve is al-
ready in the decaying phase at t = 3 days. One can
require the observational upper flux is higher than Fν
at t = 3 days to constrain parameters in the (z, n)
plane. For νobs ≤ max(νa, νm)|t=3 days, the radio after-
glow would be still rising at 3 days, and one should re-
quire Fν,max to be below the observational upper limit
to constrain parameters. The rejected parameter spaces
in the (z, n) plane for different values of ǫB, ǫe are pre-
sented. To achieve the most conservative constraints, we
use 70 µJy at 5.5 GHz to constrain the parameters.
For the commonly used microphysics shock parame-
ters (e.g., ǫe = 0.1, ǫB = 0.01 and p = 2.3, red curve
in Fig.1), the radio upper limit for FRB 131104/Swift
J0644.5-5111 system could indeed place stringent con-
straints on the source related parameters z and n. The
near-flat segment at z > 0.07 corresponds to the νobs ≤
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Fig. 1.— The rejection regions (shadowed) in the 2D (z, n) space based on the upper limit of the radio afterglow emission, 70µJy at
5.5 GHz. The left panel fixes ǫe = 0.1 and varies ǫB, while the right panel fixes ǫB = 0.01 and varies ǫe. The electron spectral index is
fixed to p = 2.3. All radio constraints are plotted in solid curves. The X-ray constraint is plotted as the red dotted curve for ǫe = 0.1 and
ǫB = 0.01 for comparison.
max(νa, νm)|t=3 days regime, and the curved segment at
z < 0.07 corresponds to the νobs > max(νa, νm)|t=3 days
regime. One can see that if the redshift value is of the or-
der of the one inferred from the DM value (i.e., z > 0.1),
the ambient medium number density should be below
∼ 10−3 cm−3. This disfavors the long GRB models that
invoke a massive star origin of the GRB, but is consis-
tent with that inferred from short GRB observations and
the theoretical expectations for a compact binary merger
environment (Berger 2014). On the other hand, if one be-
lieves that the FRB ambient density is that of a typical
ISM (n = (0.1 − 1) cm−3), then a very small redshift is
required, i.e. z ≪ 0.1. This requires that the observed
DM is mostly contributed from the host galaxy or the
immediate environment near the FRB source instead of
the inter-galactic medium. If this is the case, one should
be cautious to apply FRBs as cosmological probes.
Besides radio data, the follow-up observations of Swift
and VLT also provide X-ray and optical upper limits
on the afterglow of FRB 131104/Swift J0644.5-5111, i.e.
4 × 10−14erg cm−2 s−1 in the X-ray band and 4.5 µJy
in the optical band (DeLaunay et al. 2016). The con-
straints from the X-rays are more stringent, which we
also plot as dotted red curve in Fig.1. We find that the
constraint on the ambient density is mainly contributed
by the radio upper limit at lower redshifts, but the X-
ray upper limit places a more stringent constraint in the
nominal redshift range inferred by DM. For example, at
z ∼ 0.55 the constraint on density placed by X-rays is up
to a factor of 2 more stringent than that placed by the
radio data (Fig.1). Murase et al. (2016) and Dai et al.
(2016b) reached a similar conclusion independently.
In view of the wide range of microphysics parameters
observed in GRB afterglows, we also test how they im-
pact on the results. For p, we test three different values,
2.3, 2.7, 3, and find that the results are barely affected.
However, both ǫB and ǫe have significant effects on the
constraints. Fixing ǫe = 0.1 (Fig.1 left panel), the ex-
cluded region greatly shrinks as ǫB drops. A long GRB
environment is allowed if ǫB is as low as 10
−4. Simi-
larly, fixing ǫB = 0.01, the allowed region is also greatly
enlarged if ǫe is as small as 0.01.
5. CONCLUSION AND DISCUSSION
We have investigated the implications of the up-
per limit of the radio afterglow of FRB 131104/Swift
J0644.5-5111 system reported by Shannon & Ravi
(2016). We find that for the nominal redshift values in-
ferred from DM and for typical shock microphysics pa-
rameters, ǫe = 0.1, ǫB = 0.01, a long GRB environment
is disfavored but a low-density medium n < 10−3 cm−3
typical for short GRBs of a compact star merger origin is
allowed. Murase et al. (2016) and Dai et al. (2016b) also
discussed the constraints on the ambient medium from
radio and X-ray/optical data, respectively, and similar
conclusions have been obtained. If one invokes a typical
ISM medium density, then the distance of the FRB is
much closer, i.e. z ≪ 0.1, which requires that the large
DM is mostly contributed from the FRB host or the im-
mediate environment of the FRB. On the other hand,
if one allows ǫe and ǫB to be smaller values, as inferred
in some GRB afterglows, the constraints from the up-
per limit become very loose, so that both long GRB and
short GRB environments can be allowed.
Given the loose constraint from the radio afterglow
upper limit, the potential FRB 131104/Swift J0644.5-
5111 association proposed by DeLaunay et al. (2016) re-
mains plausible. The relative timing of the FRB and the
GRB is, however, not easy to interpret within the avail-
able models (see also Murase et al. 2016). Within the
supra-massive magnetar collapsing model, the expected
FRB would be at the end of the plateau (Zhang 2014).
This is inconsistent with the observation, which shows
an extended long GRB following the FRB. Alternatively,
one may attribute the FRB to the result of a NS-NS
merger, either via synchronization of the magnetosphere
(Totani 2013) or pre-merger electromagnetic activity due
to a charged member (Zhang 2016) or the unipolar ef-
fect (Wang et al. 2016). However, such a merger would
produce a short GRB rather than a long one. One pos-
5sible solution is to invoke an off-axis geometry for a NS-
NS merger system, with the line-of-sight in the so-called
free zone where no dynamical ejecta blocks the line of
sight (so that the FRB can reach the observer), but the
short GRB jet is missed (Zhang 2013; Sun et al. 2016).
Since NSs are naturally charged, the NS-NS merger may
produce an FRB via the mechanism outlined in Zhang
(2016). The merger leaves behind a stable magnetar with
a spin down time scale of the order of T90 ∼ 377 s, during
which the dissipation of the magnetar wind powers the
observed long GRB. The luminosity and total energy of
the long GRB are consistent with having such a magne-
tar as the central engine. In any case, the FRB/GRB
associations should be rare. Future observations of more
FRB/GRB coincident events would allow one to confirm
FRB/GRB associations and to test the physical models
of these associations.
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